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Abstract:
The two largest lakes on the Caribbean Island of Hispaniola, Lake Azuei in Haiti and Lake Enriquillo in the Dominican
Republic, have experienced dramatic growth and surface area expansion over the past few years leading to severe
flooding and loss of arable land around the lake perimeters. In order to better understand the reasons for this
unprecedented rate of expansion and the resulting consequences a multi‐disciplinary team comprised of researchers
from Haiti, the DR, and the US have embarked on an extensive data collecting and hydrologic and climatological
modeling campaign. While the sensor deployment entails stations that measure climatological data as well as lake
level data, the modeling approach is in need for additional terrestrial data, such as land cover (from Landsat
imagery), soils, and to whatever extent possible hydro‐stratigraphic data. These aids in our modeling effort geared
towards identifying the various components of the hydrologic cycle with the ultimate objective of trying to close the
water budgets of the lake basins. A key data component needed was the bathymetric data for the lakes which had
not been collected before (Lake Azuei) and only partially with a coarse geospatial collecting pattern (Lake Enriquillo).
In this report, we summarize our field work from several trips to the lakes’ region in 2013 and report on our
bathymetric data gathering, analyzing and compilation efforts to produce a dataset that can be used for subsequent
development of a seamless bathymetry/surrounding‐land‐masses “bathtub” model’ a key component to for our
future numerical modeling effort to assess the water budget of the lakes.
Keywords:
Bathymetry, GIS, hydrology, lakes, limnology, models
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1. Introduction
The two largest lakes on Hispaniola, Lake Azuei (or Etang Sumatre), LA, (Haiti) and Lake Enriquillo, LE,
(Dominican Republic), are situated adjacent to each other on either side of the border separating the two countries
(Figure 1), with Lake Enriquillo also being the lowest point in the Caribbean. They formed as the result of plate
movement 1 million years ago that attached the lower portion of Hispaniola to the main island trapping sea water
from the marine channel that in former times separated the two island portions. In fact, both lakes are situated right
above the Enriquillo‐Plantain Garden fault zone (EPGFZ) that runs west‐east and also featured the epi‐center location
of the devastating January 2010 earthquake in the western parts of the islands (Haitian side, close to Leogane
approximately 80kms west of the border). The lakes are separated by a conical‐shaped land strip that at its smallest
extent (in the south) is now just about 2 miles wide. The lakes are also at different elevations with respect to Mean
Sea Level, MSL. The current surface level of LA is at around +20 meters while that of LE is at ‐42 (Google Earth Pro,
accessed June 2016), i.e. a total hydraulic head drop of about 55 – 60 meters that fluctuates depending on the lake
levels which do not move in unison.

Figure 1. Geographical Setting of Lakes Azuei and Enriquillo

The adverse impact of the lakes’ growth in the local bordering communities has been significant. More than
18,000 hectares of land were flooded by 2004, impacting directly more than 10,000 families. The now flooded land
has reduced the ability of residents to farm the land even further, leading to a turn to fishery for subsistence.
Furthermore, the International Highway connecting DR with Haiti is under constant threat of being flooded, forcing
traffic to transit via the southern routes, significantly reducing the economic activity of the region. Houses had to be
abandoned and the authorities were forced to relocate economically important roads (inter country trade) to higher
elevations or by adding material to raise the crown of the road (as on the border crossing in Jimani). In addition, the
community of Boca de Cachon at the NW corner of Lake Enriquillo also has been relocated to higher elevations in
March 2014.
Since their lowest point (or smallest surface extent) of remote sensing record in the mid‐80s’ (LA) and
2003/2004 (LE) (Buck & Brenner 2005)), the lakes have grown from 115km2 (LA) and 158km2 (LE) to 138km2 and
346km2 respectively. Especially LE has experienced a dramatic area expansion, over a 100% growth, due to its
shallow adjacent lands on the west and east sides of the lake. Growth in the north and south directions is limited
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due to the steep mountain ranges along the southern (Sierra de Bahoruco) and northern (Sierra de Neyba/Neiba)
shores on LE, and Chaine de la Salle on the Haitian side. The growth rates of both lakes have not been steady; while
LE experienced vast increases from 2004 to 2009 (about 15% per year) the rates have slowed down to about 2% per
year since then with almost no change for the 2014‐2015 timeframe. LA on the other side exhibited a largely constant
area extent from 1984 to 2007 while subsequently experiencing expansion rates of about 3 to 4%) from 2007
(117km2) to 2013 (138km2), and having little change reported in the 2014‐2015 time frame, (Comarazamy et al.
2015). Figure 2 shows a comparison of LA and LE between 2003 and 2013 levels. Note that the stripes for the year
2003 images are due to the failure of the Scan Line Corrector on the Landsat7 instrument, while there are no stripes
for the 2013 images because of the new instrument, Landsat8) launched in February 2013.

Figure 2. Comparative images of LA and LE from years 2003 (LandSAT7) and 2013 (LandSAT8) respectively
Determining the causes of lake expansion is of importance not only to support local decision making but also
because lake surface area is a sensitive indicator of climatic and environmental change. Numerous observations have
been made that suggest the lake level changes follow geological time scales (Benson & Paillet 1989; Daut et al. 2010;
Digerfeldt et al. 1997), but also shorter time scales corresponding to precipitation and anthropogenic changes, i.e.
land use changes and diversions for irrigation purposes (Sidle et al. 2007; Troin et al. 2010; Pichardo‐Marcano et al.
2011; Wright et al. 2015) with variations to these causes which suggest that LandUse/LandCover is not a relevant
factor (Luna & Poteau 2011) and the main reason being that of the hydric cycle change based on climate change
(Steenhuis et al. 2013).
The ultimate goal of our research is to observe and explain in detail the lake’s up and down and why they have
been exhibiting the behavior they show without adding new hypotheses or suggestions to the mix we outline above.
To this end, we seek to develop detailed hydrologic representations of the surrounding watersheds that, when
coupled to high spatial resolution weather, topographic, and land use land cover data, will help us in quantifying the
volumes, pathways, and residence times of the water components that make up the hydrologic cycle of the lakes.
Development of these models requires that we collect all the data that is necessary to describe and also drive
hydrologic models that in turn feed into our water budget calculators. While atmospheric data is collected from
many sources (among them a dynamical downscaling effort that takes Global Circulation Model results and
downscales them to a grid of 2×2 km for the lakes region) we discovered that topographic and especially bathymetric
data is either sparse (in the case of LE) or non‐existent (in the case of LA) and thus needed to be generated or
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collected by ourselves. In this report, we describe our bathymetry data collection efforts for Lakes Azuei and
Enriquillo.

2. Material and Method
The bathymetry data collection emerged as a crucial step both as the result of needing to know surface areas,
volumes, maximum lake depths, and incremental level increases for our water budget calculations and also after
realizing the dearth of data concerning basic hydrological and geohydrological processes, especially on the Haitian
side. Numerous inquiries with governmental departments to obtain data yielded little response; mostly because it
did not exist or nobody had ever collected this sort of data (data availability on the DR side was in general better
than on the Haitian side). As a result, it became clear that the research project needed a substantial self‐propelled
effort to collect what was missing, the lake data being one of the missing items. The team carried out several field
trips to both the Dominican Republic (March and September 2013) and to Haiti (June 2013).
The easiest way to track the lake growth is through satellite (Landsat) imagery which is available at frequent
intervals, i.e. it is easy to monitor lake growth at monthly (and even smaller) time scales. However, the imagery will
only reveal the geospatial extent, i.e. the surface area, without being able to compute the lake level and associated
volume increase. Our aim was therefore to collect the bathymetric data thus obtaining the missing information
necessary to eventually compute rating curves that would permit the computation of Volume and Depth as a
function Area of Area, i.e.
, and
, respectively thus permitting change‐in‐Volume
computations ∆
∆
∆ .
Very little information on bathymetric data is available in the current literature with only one effort (Araguás
Araguás et al. 1995; Buck & Brenner 2005) reporting or referencing some sort of bathymetric data collection for LE,
to our knowledge there is none at all for LA. This single reference however did not yield any data beyond a graphical
representation and neither the image nor the underlying raw data was accessible in electronic form.

2.1. Sonar Tracks Planning
In order to collect bathymetric data, the team acquired a mobile sonar unit that could be mounted at the
transom or the side of a small vessel. The team acquired a Depth/Fish finder 898c HD SI system from Humminbird
(https://www.humminbird.com/) comprised of the 898cHD console and a XHS 9 HDSI 180T Transom Transducer and
that also had a GPS system, AS‐GR50, attached for tracking the geolocations of the sonar reads. Data was stored on
a regular SDHC memory card, for which we used a set of 4 and 8GB ScanDisk cards. While the system is capable of
defining a wider swath width to obtain a 2‐d image of the lake floor, we decided to use a narrow ping line to
concentrate the available sonar energy to obtain a higher resolution image of the bottom along our track line. The
system requires a custom‐made rig to mount the transducer/receiver assembly to the vessel. In order to keep things
simple we constructed a support structure that could be mounted on the transom of a vessel such that the out‐
board engine’s slipstream and turbulence would not interfere with the sonar pings.
The team decided to traverse the lakes in a pattern that would leave at most a 1km gap to the next track line
making sure to obtain high resolution depth data. High resolution here is meant to be sufficiently dense to produce
accurate 2‐d contours of the lake bathymetry while interpolating between the readings. The Humminbird stores its
data on a microSD card for which we used several 8GigaBit cards in addition to a 12V car battery to power the
system, i.e. transmitter, receiver, GPS, and the display and control unit. A full day (8‐9 hours on the lake) required
about 2‐3 GB of data storage, which meant we had to use several of ScanDisk cards to capture all data, short of
downloading the data every night. Overall, we collected 10.5GB worth of data for LE and 5.09GB for LA.
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With the objective set to a 1km max spacing between track lines resulting travel distances amounted to about
330km on LE and 190km on LA. We divided LA into two portions, one northern sector of 120km and one southern
of 70km length. The team calculated that the lake could be traversed in just 2 days if one where to travel at an
average speed of 15km/h (~8knots) using 8 hours of daylight. Accordingly, LE should be covered by a 3‐day campaign.
The team chartered a 6 meter (LE) and 4 meter (LA) fishing boat to which we rigged the sonar transducer panel (at
transom). These plans however proved to be too ambitious for a number of reasons. For one, the team conducted
the sonar campaigns in Spring (LE), a time with strong easterly winds that build up in the late morning hours. Because
the winds were so strong and had a long fetch (~28km) to blow across the surface they generated a wave field with
wave heights of up to 1.5 meters, that on some portions of the track had to be taken head on or to be absorbed
sideways causing severe rolling and heeling, which in turn substantially slowed down the vessel. Secondly, the team
discovered that the vessel had to slow down in the deeper parts of the lakes to allow for sufficient time for the signal
to return to the receiver, otherwise faulty readings were obtained. At times the vessel could only travel at speeds
around 4 knots, i.e. about 7.5km/h or even less. Thirdly, because we wanted to get as close to the shoreline as
possible the boats needed to slow down in the near shore areas to allow for sufficient maneuvering time to avoid
submerged trees and their branches which were often just below the waterline. Eventually, the team managed to
cover about 80‐90kms per day on LE, and 40kms on LA (the latter due to the small vessel and a 15hp outboard engine
that was too small to power the boat at a level we had anticipated); consequently, LE and LA both took a full 5 and
4 days, respectively, to cover with the sonar tracks. We also were not able to use our laptops with the pre‐planned
tracks because of the substantial amount of spray washing over the vessels, and had instead to content with a small
but waterproof hand‐held GPS system (a GARMIN GPSmap 78cc, that, depending on Satellite visibility, varies in
accuracy between 3.0 and 4.5 meters under Differential GPS mode) which we used to follow and plot the current
track of the vessel as it traversed the lakes in an attempt to approximate the planned tracks. While the accuracy
appears low, given the scale of our survey extent this is perfectly acceptable.

2.2. Data Preparation and GIS Analysis
The data was downloaded and processed using the HumViewer and in one instance, the SonarTRX PRO
Software Packages to yield a raw data file that was stored in EXCEL (CSV) format. For LE we collected 35,052 while
for LA we used a total of 17,401 points.
Initial inspection of the data revealed that the entire data set needed to be quality controlled because of
numerous inconsistent readings. The first step in our Quality Control procedure was the correction of erroneous
depth readings that appeared as over‐ or undershoots in otherwise fairly smooth depth changes. These faulty
readings were the result of either traversing too fast (requiring a slowdown especially in areas of larger depths), or
because the sonar device got dislodged from its horizontal position (due to branches of the submerged trees
impinging just below the surface) resulting at angled ping trajectories. Because of both the smooth nature of the
bathymetry and the relatively short spacing between points (average of 7 to 17 meters depending on the speed)
these over and undershoots were certain to be highly unrealistic thus prompting a smoothing action that we
implemented in MATLAB code. Around 2% and 1% of the data was found to be erroneous for LE and LA, respectively.
The next step aimed at matching the “zero” contour line (based on our readings) to the lake shore line which
we extracted from Landsat imagery (obtained from the USGS) taken at the same time the sonar readings were
collected, i.e. March 24‐26, and September 13, 2013 for LE, and June 21‐24 2013 for LA (note that the Landsat images
too needed to be re‐projected onto the WGS84 world Mercator Coordinate System, COOS). While this step was
primarily designed to serve as a test for how well the bathymetry readings and the resulting raster/contour would
match “real” lake extents, it also served as an additional quality control step to remove and fix some inconsistencies
that arrived from several factors during the bathymetry measurements.
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These inconsistencies arrived from a) strong winds blowing east to west during the data collection campaigns
leading to a (moderate, albeit present) water level set up in the western portion of the lakes thus deflecting the lake
surface slightly from its horizontal state, and b) from our limited ability to get close to the shore line, especially in
the shallow portions in the western and eastern sections of both lakes thus missing large sectors of the “real” zero
depth altogether. In order to aid a better definition of where the zero contour line occurs we used the SRTM 30meter
Digital Elevation Model (DEM) data sets to provide some additional “zero level” data around the lake shoreline. In
this process we decided that the Landsat derived lake‐ shoreline polygons would assume the “truth” and that raster
values from the bathymetry computations (arriving from lake‐side) and the DEM (arriving from shore‐side) would
need to be adjusted to match the lake polygon, resulting in the elimination of some additional data points for both
lakes.

3. Results
3.1. Lake Azuei
For Lake Azuei, the team cooperated with the Observatory for the National Environment and Vulnerability
(ONEV), a subsidiary of the Haitian Ministry for the Environment. This cooperation not only ensured access to the
lake proper but also to portions close to the border (because of the LA growth the eastern‐most portion is actually
on DR territory now) without needing a special permit to traverse the lake for research purposes. It also gave us
access to the Quisqueya National Park and its ranger station, which we used as a base to launch the boat that we
had chartered from the national park administration.
Figure 3 shows the cumulative track that the team eventually managed to assemble taken over the course of 4
days (June 21 – 24, 2013). As mentioned before, this track turned out to be not as dense as desired which was due
to substantial wind drift and a less speedy traversal than expected. However, the team managed to get close to
shore in many places which allowed for a more precise depth interpolation that would prove helpful during later
research steps such as the development of the seamless elevation model.
The bottom of the lake consists largely of marine deposits, shows no to only little plant growth, and features
no sharp cliffs or abrupt changes in depth or any other distinct bottom feature. The depth points were gathered
along the total track length of 248.8 km, with the distance ranging from 1 to around 100 meters with the average of
about 14 m.
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Depth (m)
1m

34.2 m

Figure 3. Covered Track for Lake Azuei. [Color‐coding depicts depth values, ranging from dark red (deep) to light
red (shallow)]

3.2. Lake Enriquillo
The team used a small enterprise that ferries tourists across the lake to visit the National Park at Isla de Cabritos
(observing Iguanas and Crocodiles). The service operates from a Ranger station on the northern shore close to Las
Escubiertas and utilizes 7 meter long vessels with a 35hp outboard engine which the team chartered for 3+1 days.
The ranger station was used as a base and starting point for the sonar runs on LE. Besides the local authorities the
team cooperated and coordinated its efforts with the federal DR services of the Oficina Nacional de Meteorologia
(ONAMET) and the Instituto Nacional de Recursos Hidraulicos (INDRHI), in addition to faculty from the Instituto
Tecnologico de Santo Domingo (INTEC) all of which provided logistical support (such as cars and drivers) to collect
the data in and around the lake.
Figure 4 shows the tracks the team followed traversing the LE on during the sonar runs. The black and green
lines line represent efforts in March 2013, while the red line depicts collection efforts in September 2013 added to
the schedule to gather some additional data to improve the spatial density of our points. On the March trip, the
team managed to cover about 250km (red track) on three days, and then another 80km (green track) during a one‐
day effort in September. Note that the track density is much coarser than the 1km originally planned in the eastern
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section of the lake and also that the vessel did not always reach the shoreline. The latter is largely due to the
shallowness on these regions with a very gentle bottom slope not permitting a closer approach to the shore.

Missing data

Depth (m)
1m

2.7 m

33.4 m

29.9 m

Figure 4. Tracks for Lake Enriquillo. Red path is from March, Green path from September, 2013 [Color‐coding
depicts depth values, ranging from dark (deep) to light (shallow)
As is for LA the bottom is comprised of marine deposits and largely devoid of any plant growth (except the
flooded areas where trees are still protruding from the water). The lake’s bed is also quite smooth along its contours
without any cliffs or abrupt depth changes making it easy to interpolate between measured points. The track length
for LE was 253.1km and 77.9km for first and second trip, respectively. During the second trip, we collected readings
to fill the almost 5 km gap of the track line were missing (yellow line in Figure 4). Readings were taken with spacing
between 1m and 388.6m (trip#1) and 1m and 172m (trip#2), with averages of 7.7m (trip#1) and 17.7m (trip#2).

8

CUNY Academic Works

Piasecki et al., 2016

Research Report

4. Summary and Outlook
The collection of bathymetry data was carried out with the aim of obtaining a geospatial representation of the
Lake Azuei and Enriquillo basins. The information, depth data points along tracks traversing the lakes, was obtained
using a transom mounted sonar device over the course of 4 (LA) and 5 (LE) days during Spring, Summer, and Fall of
2013. The total number of data points, the geospatial location of which were obtained via a GPS receiver, recorded
was 35,052 for LE over the area of 346km2 and 17,401 points for LA over the area of 138km2. The data, stored on
microSD cards, was then downloaded for quality control and error corrections. Corrections were necessary because
of dislodgement of the transom mounted sonar device leading to non‐vertical downward sonar pings, in addition to
moving too fast in deeper sections of the lakes thus not allowing sufficient time for the sonar signal to return to the
receiver. In total about 1000 (LE) and 900 (LA) points needed to be depth corrected either via interpolating between
the next two neighbors or deleting the point altogether.
After the correction, using MATLAB scripts, we uploaded the points into a GIS environment (ArcGIS) and re‐
projected the points onto our common COOS, i.e. WGS84 Mercator, so it would be compatible with DEM data for
the surrounding lake basin and Satellite imagery (Landsat) for further analyses at a later step. We used the Landsat7
imagery (from March, July, and September 2013) to extract the location of the shorelines polygon for both lakes to
serve as a guide for the “zero” depth levels. This step is particularly important in view of the fact that we were not
able to reach the shore with the boat, at best being able to approach to about 20 meters, generally however missing
the shoreline by approximately 50 meters thus not having any points around the fringes of the lake. This will impact
the interpolation step which works well for interior points but produces increasingly inaccurate data on the fringes.
We also converted these readings to WGS84 reference levels to have a common reference frame, i.e. LE values are
negative (lake level is about ‐32m) while LA values are positive (lake level is about +23m) at the time of the survey,
yielding a lake level difference of approximately 50+m at the time the data collection efforts took place.
The data collected forms the base for additional work to be done on the two lakes. Our research focus is to
develop a (statistical) model that would permit us to not only to better understand the current conditions and how
the lakes arrived at them, but also to predict what the lakes will do in the future. Key to this endeavor is a detailed
data collection effort that permits us to map out the lake basin, thus obtain the volume for any lake levels, and
record volume changes and the rate at which volume changes happen. While this means a substantial effort on
executing GIS type work (we need a seamless, or stitched together model of the bathymetry and the surrounding
above‐water‐surface elevations to create a ”bathtub”), we ultimately need time series information of the lakes’
extent, climatological variables and extreme events, but also land‐use and land‐cover changes to establish re‐
occurrence of modes (growth and shrinking) as well as correlations to climatological variables that show similar
modes. All of this work is being carried as part of a PhD thesis by Ms Mahrokh Moknatian, who at the time of this
writing in late 2017, is on her way to graduate in Summer of 2018. Follow up journal papers are forthcoming as the
work progresses.
The bathymetric data is available in raster and CSV format and can be requested for research purposes at no
charge. Requests should be send to
Dr. Michael Piasecki
The City College of New York
Dept of Civil Engineering
160 Convent Ave.
New York City, NY 10031 Email: michael.piasecki@gmail.com
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6. The Survey Teams

The team at Lake Enriquillo; left Daniel Comarazamy, in front Fred Moshary, 5th from right Michael Piasecki, 4th
from right Ambar Mesa (now graduate student at CCNY), 2nd from right Candido Quintana (faculty at INTEC), the
other individuals are from the ranger station at Escubierta, INTEC students, INDRIHI and ONAMET personnel, and
the boat drivers.
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Michael and Fred working on the Humminbird

Candido and boat crew taking salinity meas

The crew out traversing the Lake

Michael and Fred (having fun?)

Joseph and Yolanda checking out sonar readings

Fred mounting the transceiver on the transom
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The team at the Jimani Weather Station (ONAMET)
Installing new equipment

Fred, Michael, and the ONAMET station crew

Mahrokh and boat driver collecting sonar data

Inundation at west end of Lake Enriquillo

Mahrokh checking out the data records

Yolanda discussing logistics with the boat drivers

12

CUNY Academic Works

Piasecki et al., 2016

Research Report

Ambar, Yolanda, and Mimi interviewing local woman

Smoke and beer break, the boat drivers, Steffen and
Michael

Daniel, Paul and INTEC student at a beer break

Ambar, Yolanda, and technician taking water
readings

Michael, Dani, Fred, Joseph and Candido getting prep’ed
to go out for another sonar run

Trying to find a place to mount the Lake Sensor
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Lavaud at Lake Azuei inspecting the flooded areas

Palm trees under way at Lake Azuei

Dwinell Belizaire from ONEV looking at a pump

Paul during one of the sonar runs on Lake Azuei

Paul reading sonar data off the Humminbird

Returning home from a long day out on the Lake
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The launch location at Lake Azuei

Sensor platform to be installed

Rene, Steffen, and Paul ready for action

ONEV crew helping out with installation

Finally done! The station is up and running

Some acrobatics to get the wiring connected
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